[1] Observations since the 1950s suggest that the Arctic climate system is changing in response to rising global air temperatures. These changes include an intensified hydrological cycle, Arctic sea ice decline, and increasing Greenland glacial melt. Here we use new d
Introduction
[2] The Arctic Ocean is the largest oceanic global freshwater reservoir. The key components in the Arctic freshwater balance include: net evaporation and precipitation over the Arctic Ocean; Arctic river run off; the melting and formation of sea ice; Pacific water inflow via Bering Strait; and meltwater from continental ice sheets (specifically the Greenland ice sheet). Freshwater additions into the Arctic basin may be exported to the northern North Atlantic via the Nordic Seas through Fram Strait and via the Canadian Archipelago. Alternatively, freshwater is stored within the Arctic Basin in the form of sea ice or a low-salinity surface water mass above the Arctic halocline [e.g., Aagaard and Carmack, 1989] .
[3] The East Greenland Current (EGC) and the East Greenland Coastal Current (EGCC) together form the key carriers of freshwater from the Arctic into the northern North Atlantic via Fram Strait. The EGC flows southward out of the Arctic through Fram Strait [de Steur et al., 2009] and along the eastern margin of Greenland via Denmark Strait. As the EGC flows over the wide East Greenland shelf at Denmark Strait, the current crosses the Kangerdlugssuaq Trough, a large canyon that cuts across the shelf (50 m wide and up to 600 m deep, relative to the 250 m deep shelf). The path of the EGC, either entering the canyon with no recirculation, or bifurcating so the main current cuts across the canyon causing an anticyclonic eddy at the head of the canyon [Sutherland and Cenedese, 2009] . This may form part of the mechanism for the formation of the EGCC [Bacon et al., 2002 Sutherland and Pickart, 2008; Sutherland and Cenedese, 2009] . Sutherland and Pickart [2008] suggest that mixing within the canyon would alter the water mass stratification; therefore these changes in bathymetry would promote vertical mixing within the current. In addition, there is strong vertical mixing associated with the East Greenland Spill Jet south of Denmark Strait [Pickart et al., 2005] . At Cape Farewell, the southernmost tip of Greenland, approximately one third of the EGC/EGCC retroflects into the central Irminger Basin [Holliday et al., 2007] . Therefore, the EGC/EGCC forms a direct route for freshwater transport from the Arctic into the subpolar gyre, and consequently into the general ocean circulation of the North Atlantic [Holliday et al., 2007] .
[4] The Arctic climate system has undergone major changes since the 1950s as a result of increasing global surface air temperatures [e.g., Brohan et al., 2006] . Specifically, the Arctic sea surface temperatures have increased [Comiso, 2003] causing an intensification of the Arctic hydrological cycle [Solomon et al., 2007] . These have been accompanied by net Greenland ice ablation, associated with increased summer surface ice melt and glacier acceleration [e.g., Krabill et al., 2000; Rignot and Thomas, 2002; Rignot and Kanagaratnam, 2006; Velicogna, 2009] , a reduction in sea ice extent and thickness [e.g., Comiso et al., 2008; Kwok and Rothrock, 2009] , and Arctic permafrost thawing [e.g., Osterkamp and Romanovsky, 1999; Osterkamp, 2005] .
[5] The Arctic Ocean receives 11% of the global river input through the discharge of major Eurasian and North American rivers [Shiklomanov et al., 2000] . The Eurasian river discharge into the Arctic Ocean has been increasing by ∼2 km 3 yr −1 yr −1 since the 1930s [Peterson et al., 2002; Wu et al., 2005] , and between 1964 and 2000 this rate of increase was observed to have more than doubled to 5.6 km 3 yr −1 yr −1 . This large increase in Eurasian river discharge was only slightly offset by a decrease in the North American river discharge into the Arctic between 1946 and 2000 of −0.4 km 3 yr McClelland et al., 2006; Déry and Wood, 2005] . In addition to this increase in net Arctic river discharge, New et al. [2001] reported that precipitation between 60 and 80°N increased by an average of 0.08% per year, between 1900 and 1998.
[6] Arctic sea ice comprises perennial and seasonal ice. The perennial ice forms the permanent sea ice cover that persists throughout the summer months and, therefore, consists of relatively thick multiyear ice. Conversely, the seasonal sea ice is thinner and melts back every summer. The Arctic perennial sea ice extent has been in decline from at least 1979 when satellite records began [e.g., . Comiso [2002] and Stroeve et al. [2007] report a perennial sea ice extent decline of around 8-10% per decade. However, more recently, the reduction in both sea ice thickness and extent has intensified [Comiso et al., 2008; Kwok and Rothrock, 2009] . In September 2007 the perennial sea ice cover reached a new extreme minimum such that Canada's Northwest Passage became open to commercial shipping for the first time since observations began 30 years ago [Comiso et al., 2008; .
[7] The Greenland continental ice sheet is the main source of glacial meltwater to the Arctic Basin and the East Greenland current system. Studies have shown that the Greenland ice sheet has experienced considerable net mass loss since the 1990s [e.g., Krabill et al., 2000; Rignot and Thomas, 2002; Rignot and Kanagaratnam, 2006; van den Broeke et al., 2009; Velicogna, 2009] . The southeastern glaciers are dominated by a negative mass balance that amounts to −17 ± 4 km 3 yr −1 [Rignot et al., 2004] . Specifically, the largest East Greenland glaciers, Helheim and Kangerdlugssuaq, were observed to accelerate and retreat abruptly between 2002 and 2005; in 2004 their combined mass loss had doubled [Luckman et al., 2006; Howat et al., 2007] . These rates of ice loss returned to near-previous values in 2006 following reequilibration of the glacier calving fronts [Howat et al., 2007] . Howat et al. [2008] concluded that, in part, the rising surface air and sea surface temperatures drove these episodes of glacial acceleration and retreat and, therefore, they may occur more frequently in a warming climate.
[8] The result of these processes has been a freshening of the Arctic Ocean surface water in the Canadian and Makarov basins McPhee et al., 2009 , Yamamoto-Kawai et al., 2009 . As these freshened surface waters are exported into the northern North Atlantic, deep water formation in this region may be interrupted and therefore, there may be significant implications for the global thermohaline circulation [e.g., Stouffer et al., 2006] . In this changing climate, it is therefore important to carefully monitor the Arctic freshwater export into the northern North Atlantic.
[9] Here, we present three new salinity and oxygen isotope data sets from water samples collected in the East Greenland region in August-September 2004 . We compare these data with historical oxygen isotope studies in this region and, using the new salinity and oxygen isotope ratio data, we characterize the volume and origins of the freshwater end-member components within the EGC and EGCC.
Oxygen Isotopes
[10] The freshwater concentration of the EGC and EGCC can be quantified using the salinity anomaly of the EGC/ EGCC water relative to a suitable reference salinity [see, e.g., Wilkinson and Bacon, 2005] 
18
O data were retrieved from Schmidt et al. [1999] .
The d
18 O values of the various water masses carried in the EGC/EGCC are summarized in Table 1 [Bauch et al., 1995; Reeh et al., 2002] .
[ Figure 1 ). These data were retrieved from the Goddard Institute of Space Studies (GISS) Global Seawater Oxygen-18 Database [Schmidt et al., 1999] , in which the d
18 O values have been adjusted using the deep water data from the GEOSECS data set [Östlund et al., 1987] to allow comparisons between data analyzed using different standards, techniques and mass spectrometers. We acknowledge the existence of data sampled from the EGC/EGCC in 2004 . However, we do not include these data as they only sample the top 50 m of the water column and are therefore not comparable in character to the data we present here, which span the upper 500 m of the water column. This is because the mixing relationship in the upper 50 m is more sensitive to local ice melt on the East Greenland shelf which may mask the Arctic/upstream freshwater signal contained in the upper 500 m of the water column.
[12] The salinity: 18 O values. The upper layer defines a mixing line between the shallowest/lowest-salinity water of the lower layer, and a freshwater end-member comprising a mixture of Arctic meteoric water, local sea ice melt and Greenland glacial ice meltwater. This layer is likely maintained by the local meltwater addition and therefore, the slope of this mixing line will vary seasonally according to the ice melt.
[13] A third Denmark Strait data set [Schmidt et al., 1999] (originally reported by Azetsu-Scott and Tan [1997] ), and data sets from the EGC/EGCC to the south of Denmark Strait and the northern North Atlantic [Craig and Gordon, 1965; Schmidt et al., 1999] (originally reported by Winters [1999] , Frew et al. [2000] , Dodd [2007] , and Dodd et al. [2009] ) show a simpler, one-layer mixing relationship (Figures 1f and 1g) . Therefore, there is a clear change in the character of the mixing lines between waters to the north of Denmark Strait and those to the south. We suggest that this reflects the stronger turbulence observed in the EGC/EGCC close to the topography, in the Irminger Basin south of Denmark Strait ( ∼ 10 −3 m 2 s −1 ) [Lauderdale et al., 2008] . Additionally, topography forced mixing likely occurs as the currents cross the Kangerdlugssuaq Trough [Pickart et al., 2005; Sutherland and Pickart, 2008; Sutherland and Cenedese, 2009] . As a result, the water masses in the mixed layer penetrate below the pycnocline and therefore, at least the upper 500 m of the water column appears less stratified in and southward of Denmark Strait, forming one distinct mixing line. The proposed evolution of the EGC/ EGCC from Fram Strait to Cape Farewell is summarized conceptually in Figure 2 . The simple mixing lines recorded south of Denmark Strait consistently show a d
18 O of the net Figure 1 ).
Data and Methods
[14] Our water samples were collected on three multidisciplinary oceanographic survey cruises in the East Greenland region. These were the RRS James Clark Ross Autosub Under Ice cruise JR106b in Kangerdlugssuaq Fjord and shelf region of East Greenland (Denmark Strait) in August-September 2004 [Dowdeswell, 2004] , and the RRS Discovery cruises D298 [Bacon, 2006] and D332 [Bacon et al., 2010] in the East Greenland shelf region at Cape Farewell, South Greenland in August-September 2005 and 2008, respectively ( Figure 3) . As previously discussed, in this study we focus on the surface water samples collected to a depth of 500 m from the shoreward stations, which comprehensively sample both the EGC and EGCC.
[15] The d 18 O analyses were performed on a GV Instruments Isoprime dual inlet mass spectrometer with Multiprep sample preparation system. Sample aliquots of 0.4 ml were equilibrated with CO 2 gas, and the isotopic difference between the equilibrated CO 2 gas and a reference gas was analyzed. The use of laboratory standards of known composition allows the expression of results in per mil deviations from the international VSMOW standard. All samples were analyzed in duplicate. External precision on the d 18 O analyses is better than 0.05‰ (1s). Salinity values for the samples were obtained from a Seabird 911 plus CTD mounted on the rosette sampler, calibrated by onboard analysis of discrete samples with a Guildline Autosal 8400B salinometer. External precision of the salinity measurements is better than 0.002 (1s). (Table 2 ) are plotted in Figure 5 . The d
Results and Discussion
18 O NFI appears to be characterized by three main shifts in the EGC/EGCC region. The observed shifts in the EGC and EGCC waters are indicative of changes in the freshwater budget of these currents, originating either in the Arctic or en route from the Arctic Basin to Cape Farewell. We infer that these shifts in the d
18 O NFI were driven by a compositional change in the low-salinity end of the mixing line, given that all the mixing lines intersect at a point close to the high-salinity Atlantic water end-member (see Table 1 and Figure 4) . Consequently, we focus on mechanisms of change in the low-salinity end of O fractionation during sea ice formation is relatively small, 2.6‰ [Macdonald et al., 1995] , and therefore the d 18 O value of sea ice is similar to the Arctic surface water and sea ice meltwater forms a low-salinity water mass that is isotopically relatively heavy with respect to the Arctic river runoff and continental ice (Table 1) .
[19] The second shift in the d 18 O NFI indicates that between 2004 and 2005, the freshwater fraction of the EGC/EGCC at Cape Farewell has undergone a seemingly unprecedented change (+∼10‰) to an anomalously heavy value (see Figure 5 ). It is unlikely that this change occurred in the EGC/EGCC en route from Denmark Strait (the location of the 2004 data) to Cape Farewell via Greenland glacial meltwater addition or net precipitation minus evaporation. Freshwater from calving/melting Greenland glacier ice, d
18 O of −20‰ or lighter [Reeh et al., 2002] [Comiso, 2002; Comiso et al., 2008] . This sea ice melt This indicates that the increase in sea ice meltwater addition into the EGC/ EGCC was a relatively short-term event rather than a longer-term change in the sea ice meltwater export from the Arctic.
[22] We calculate the fractions of meteoric water and sea ice meltwater along the three new EGC/EGCC transects presented in this paper following the end-member mass balance calculation method established by Bauch et al. [1995] and Meredith et al. [2001] 
where letters f, S and d stand for the fraction, salinity, and d 18 O, respectively, with the subscripts mw, si, and aw denoting meteoric water (runoff into the Arctic Basin as well as Greenland runoff), sea ice meltwater, and Atlantic water, respectively. The salinity and d
18 O values of the endmembers are detailed in Table 1 after those used by Bauch et al. [1995] (also used by, for example, Meredith et al. [2001] and Dodd et al. [2009] ). Here, the Greenland glacial meltwater is included within the Arctic meteoric water, which is not strictly valid as these water masses have distinct d
18 O values. However, to discern Greenland glacial meltwater from Arctic meteoric water a third hydrographic tracer is required. In the absence of this, the Bauch et al. [1995] end-member values are used to maintain continuity and allow direct comparisons between the studies.
[23] First, we use a meteoric d 18 O (d mw ) value of −21‰ [Bauch et al., 1995] . Then we consider the influence of a lighter value at −35‰, to simulate a mainly glacial origin meteoric end-member. Therefore, we test the sensitivity of the calculation to variations in Greenland glacier meltwater input to the EGC/EGCC. The calculated freshwater concentration sections using a d mw value of −21‰ are shown in Figures 6a-6f . The meteoric water distributions in the D298 and D332 sections at Cape Farewell (Figures 6c and 6e) are very similar to each other, with the highest meteoric water concentrations at the surface and nearest the Greenland coast, reducing to zero around 50 km from the coast. In the 2004 JR106b section at Kangerdlugssuaq Fjord (Figure 6a) , the meteoric water reaches further along the shelf (250 km from Greenland Coast) at the surface and the column inventories (vertical freshwater integration above 150 dbar) indicate that the meteoric water thicknesses in this section are greater, by around 2 m, than in the other two sections. The sea ice meltwater distributions are similar in the 2004 JR106b and 2008 D332 sections with near zero negative fractions across the whole section (Figures 6b and 6f) , which indicate net sea ice formation in water masses upstream of these sections. The 2005 D298 section shows a large increase in sea ice melt thickness in the surface 100 m within 40 km of the Greenland coast (Figure 6d ). This confirms our suggestion that the unusually heavy d
18 O NFI observed in 2005 was a result of an increase in sea ice meltwater admixture to the EGC/EGCC. The positive sea ice melt signal in the 2005 D298 section extends down to the full depth of the shelf (150 m) near the coast, suggesting that this sea ice melt was an Arctic/upstream signal rather than a local ice melt signal.
[24] The freshwater concentration sections using the extreme light d mw value of −35‰ are shown in Figures 6g-6l. These show that using an extreme light value for the meteoric end-member does not influence the distribution of the freshwater, but the relative concentrations have changed. The sea ice meltwater fraction is nearly doubled and the meteoric water fraction is nearly halved. In each of the sections there is around 2 m less meteoric/glacial meltwater and around 2 m more sea ice meltwater than in the sections calculated using a d mw of −21‰. However, there is still around 2 m more sea ice melt in the 2005 section relative to the other sections. Therefore, the differences between using a d mw of −21 and −35‰ in the mass balance calculations do not influence our conclusion that there was an increased sea ice meltwater admixture to the EGC/EGCC in 2005 relative to the other years sampled.
[25] The sea ice meltwater column inventories in Fram Strait reported by Meredith et al. [2001] and Rabe et al. [2009] range from around −5 to −8 m near the coast (note that negative sea ice melt equates to net sea ice formation). Therefore, our near-zero column inventories observed in the 2004 JR106b and 2008 D332 sections (Figures 6b and 6f) indicate that the melting of sea ice between Fram Strait and Denmark Strait inputs a quantity of freshwater of ∼5-8 m during years of more "normal" sea ice meltwater fraction, nearly balancing the observed deficit at Fram Strait. This is comparable to the meteoric water column inventories (4-6 m; Figures 6a and 6e) , and demonstrates that the freshwater end-member of the EGCC during "normal years" is composed of roughly equal amounts of meteoric water and sea ice meltwater. This corroborates the idea presented by Bacon et al. [2008] , that the meltwater from the Fram Strait solid sea ice export has a substantial role in the formation of the EGCC.
[26] Salinity distributions across the 2005 D298 and 2008 D332 transects are shown in Figure 7 . These indicate that both transects have a similar salinity distribution, with a freshwater wedge over the East Greenland Shelf where the EGCC is located. The EGC is located just off the shelf with a relatively low-salinity surface water cap over a warm and salty water mass (recirculating Atlantic water). The 2005 D298 transect appears to be more fresh than the 2008 D332 transect, this corroborates our conclusion of a greater ice melt admixture into the EGC/EGCC in 2005. 18 O signal in this region varies on an interannual timescale, which is related to short-term (interannual), high-amplitude variations in freshwater export from the [32] Arctic multiyear sea ice on average comprises 96% by volume of sea ice, and 4% by volume of snow, calculated using equations (A1) and (A2)
Fram Strait Sea Ice Export
where % ice and % snow are the percentages of ice and snow comprising sea ice. The other parameters are summarized in Table A1 .
[33] Multiyear sea ice has a salinity of around 4 [Östlund and Hut, 1984] . The fractionation of d 18 O during sea ice formation is 2.6‰ [Macdonald et al., 1995] , and the d 18 O of Arctic surface seawater is around −3.3 to −1.3‰ [YamamotoKawai et al., 2005] . Therefore, the d
18
O of sea ice ranges from −0.8 to 1.4‰, and we use a mean value of 0.3‰ in accordance with Yamamoto-Kawai et al. [2005] .
[34] The salinity and d 18 O of the snow covering multiyear sea ice are typically 0 and −18‰, respectively [YamamotoKawai et al., 2005] . Using these values for salinity and d
O of multiyear sea ice and its snow load in combination with the above percentages of snow and sea ice constituting multiyear sea ice, the mass balanced salinity and d
18 O effect of the freshwater flux from multiyear sea ice melt (with snow) can be determined as 3.84 and −0.42‰, respectively. No reported uncertainties were found, subsequently a 10% uncertainty on the value was assumed in the absence of a 1s uncertainty. b This value is a combination of the freshwater fluxes of both the EGCC and the EGC. The estimated EGCC freshwater flux is 0.06 × 10 6 m 3 s −1 , based on measurements made in 1997 [Bacon et al., 2002] . An EGC freshwater flux of 0.096 × 10 6 m 3 s −1 was estimated using an estimated total transport of 4 × 10 6 m 3 s −1 [Schlichtholz and Houssais, 1999] and a long-term mean EGC salinity of 34.67 [Hughes and Lavin, 2005] relative to a reference salinity of 34.956 [Bacon et al., 2002; Wilkinson and Bacon, 2005] .
[35] Using the salinity and Table A1 .
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